Introduction {#Sec1}
============

Commercially available silica fiber-based and ultra-broadband supercontinuum (SC) sources are typically generated by pumping with high-power picosecond or nanosecond pulses close to the zero-dispersion wavelength (ZDW) in the anomalous dispersion regime of a photonic crystal fiber (PCF)^[@CR1],[@CR2]^. However, the SC source is typically characterized by large intensity fluctuations^[@CR2]--[@CR4]^, due to modulation instability (MI) and soliton collisions, which limits their performance for applications in imaging, such as optical coherence tomography (OCT)^[@CR5],[@CR6]^ or coherent anti-Stokes Raman scattering (CARS) spectroscopy^[@CR7]^. Reduction of the shot-to-shot fluctuations and coherence stabilization can be achieved through various methods, for instance the use of fiber tapers^[@CR2],[@CR4],[@CR8]^, seeding with a weak trigger signal^[@CR9]--[@CR11]^, or back-seeding part of the SC spectrum^[@CR12]^. Increasing the repetition rate of the pump laser leads to a noise improvement in spectral domain OCT because of averaging in the spectrometer^[@CR13]^. An alternative approach to eliminate the influence of noise sensitive effects is to pump a PCF in the normal dispersion regime to avoid MI and soliton collisions. It is however necessary to pump with short enough pump pulses to suppress stimulated Raman scattering (SRS), which is known to be as noisy a process as MI^[@CR14],[@CR15]^. In this way, the bandwidth of the SC is limited not only due to the high dispersion at the pump but also by a constraint to stay away from any ZDW, since noisy SC could be generated when crossing the ZDW^[@CR1],[@CR14]^.

The use of all-normal dispersion (ANDi) PCF fibers, which offer normal dispersion for all the wavelengths covered by the SC^[@CR16]^, opened up the possibility of potentially coherent broadband SC sources. By pumping with femtosecond pulses, the SC is initiated by self-phase modulation (SPM) and followed by creation of new wavelengths through optical wave breaking (OWB), processes which are known to be coherent^[@CR17],[@CR18]^. Since then, there has been an increasing trend of generating ANDi based SC. Previously, silica fibers with parabolic-like dispersion^[@CR19]--[@CR21]^ were pumped at the point of minimum absolute dispersion with high peak powers but the SC extension was limited to 1.5 µm^[@CR20]^. This issue was overcome with the design of dispersion-flattened germanium doped silica fibers^[@CR22],[@CR23]^ enabling broadening up to 2.2 µm and relaxing the condition of high peak powers^[@CR23]^. Moreover, ANDi fibers in other materials like soft glasses^[@CR24]--[@CR26]^ have been fabricated to push the SC extension towards the mid-infrared, where fiber-based SC sources using chalcogenide fibers are emerging^[@CR27]--[@CR29]^.

The superior signal-to-noise ratio performance of ANDi fibers compared to anomalous dispersion pumping was demonstrated experimentally using 390 fs pump pulses by Klimczak *et al*.^[@CR30]^. However, the SC generation was stabilized with a cladding mode to avoid detrimental effects of SRS due to the long pulse length of the pump^[@CR25],[@CR30]^. A recent numerical study demonstrated the limitations in the coherence of ANDi based SC, pointing out the role of SRS in the process of incoherent dynamics^[@CR15]^. In general, coherence degradation was found to depend on the relative importance of the mixed parametric-Raman length and the OWB length, which results in a limit that is inverse proportional to the pulse length. For example, for 100 kW peak power and fibers shorter than 1 m complete coherence was found for pump pulses shorter than 700 fs and for pulses shorter than 2 ps complete coherence was found for fibers shorter than 40 cm^[@CR15]^.

However, in that work^[@CR15]^ the scalar generalized Schrödinger equation (GNLSE) was used in the modelling, just as in other studies of the coherence of ANDi SC generation^[@CR19],[@CR20],[@CR23],[@CR26]^. In this way, propagation is assumed in only one axis of the fiber fundamental mode. This means that for example polarization modulational instability (PMI) is neglected, which can be an important source of noise when pumping in the normal dispersion regime^[@CR31]--[@CR33]^. In fact, polarization instabilities were experimentally demonstrated in weakly birefringent ANDi fibers^[@CR34]--[@CR36]^, which decreases the usability of the ANDi SC source.

It has nevertheless been experimentally demonstrated that PMI, and therefore the noise it introduces, can be suppressed by pumping along a principal axis of a polarization maintaining (PM)-ANDi fiber^[@CR35],[@CR36]^. However, when the polarization of the pump is not along the principal axis of the fiber, PMI-induced noise will be generated, with maximum gain when pumping at 45 degrees^[@CR18]^. As most of the ANDi SC sources reported are made with non-PM fibers^[@CR20]--[@CR26],[@CR30]^ an investigation of the polarization properties in non-PM ANDi SC is needed. Therefore, a complete understanding of the decoherence mechanism of the weakly birefringent ANDi based SC, including both SRS and PMI, i.e., both polarizations, is crucial in order to analyze the noise properties and limitations of ANDi SC sources.

In this work we therefore numerically study the coherence and RIN in a standard ANDi fiber for SC generation pumped at 1064 nm, taking into account both polarization components in our model. We demonstrate that the PMI introduces a power dependence not found in a scalar model, which means that even with short \~120 fs pump pulses the coherence of ANDi SC can be degraded at reasonable power levels above \~40 kW. We further demonstrate how the PMI significantly decreases the pump pulse length and fiber length at which the coherence of the ANDi SC is degraded. For example, the scalar model predicts coherence in a 1 m ANDi fiber for pump pulses shorter than about 700 fs, whereas this limit is reduced to only \~120 fs when the second polarization and thus PMI is taken into account, which drastically limits the available pump sources. We further present experimental noise measurements of ANDi based SC pumped with a femtosecond laser, which confirms the numerical predictions.

We want to point out with this study that care must be taken to evaluate the coherence properties of the ANDi SC sources using numerical modelling and that both polarizations should preferably be considered in order to have accurate predictions.

Results {#Sec2}
=======

Discussion of polarization noise {#Sec3}
--------------------------------

In our modelling we use the generalized coupled nonlinear Schrödinger equations (CGNLSEs), given in the Methods section. We first reduce our vector model to the single-polarization scalar GNLSE^[@CR1],[@CR18]^ in order to compare to the study done in by Heidt *et al*.^[@CR15]^. In contrast to that study mode profile dispersion, loss and experimental Raman gain are included in the model to better match the experimental conditions. Note that fiber parameters (pitch and hole-to-pitch ratio) slightly differ.
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\xi ({\beta }_{2},\gamma ,{P}_{0})$$\end{document}$ has units of length and it is introduced to fit the coherence length to the edge of the region where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$N=\sqrt{\frac{{L}_{D}}{{L}_{N}}};\,{L}_{D}=\frac{{T}_{0}^{2}}{|{\beta }_{2}|};\,{L}_{N}=\frac{1}{\gamma {P}_{0}}.$$\end{document}$$Figure 1One polarization (scalar model): Spectrally averaged coherence and RIN. (**a**) Average coherence and (**b**) RIN versus pulse length along 1 m of fiber. The peak power is 44 kW, which is the maximum value in the experiments with 0.67 W average power, 80 MHz repetition rate and 170 fs pulse length. The OWB length *L*~*WB*~ and coherence length *L*~*C*~ are given by dashed lines.

The results presented in Fig. [1](#Fig1){ref-type="fig"} recover the same qualitative behavior obtained by Heidt *et al*.^[@CR15]^, and show that the coherence is maintained and RIN is low for the first 1 m of the fiber for pulse lengths shorter than around 1 ps. Due to the simpler model and slightly different fiber this limit was found to be around 0.7 ps in the previous study by Heidt *et al*.^[@CR15]^.

In general, when fiber lengths longer than the coherence length are used, the generated SC is affected by Raman noise and will have reduced coherence. When the fiber length is longer than the OWB length but shorter than the coherence length, the SC is completely developed before Raman lines are generated and thus the broadest possible SC is generated coherently. This occurs for pulse lengths shorter than around 2.2 ps, as seen in Fig. [1a](#Fig1){ref-type="fig"}. Using pump pulses longer than 2.2 ps Raman noise will be generated before OWB and thus only a narrow coherent SC can be generated. The dynamical evolution of the noise is studied in more detail by Heidt *et al*.^[@CR15]^. In addition to the coherence, we also consider the spectrally averaged RIN shown in Fig. [1b](#Fig1){ref-type="fig"}, which is seen to follow a similar trend as the coherence, not surprisingly, considering the definition used. Therefore, we can verify qualitatively the results obtained by Heidt *et al*.

After analyzing and verifying the numerical implementation obtained with the scalar approach, we now study the effect of including the second polarization of the fundamental mode in the model by solving the CGNLSEs. Fiber birefringence is also included as the unintentional birefringence measured in the ANDi fiber (see the Methods section). All the parameters are the same as for the scalar model except for the pulse lengths (from 50 fs to 500 fs), which are chosen within the coherent regime in Fig. [1](#Fig1){ref-type="fig"}, where the noise from SRS has a minor contribution. Figure [2](#Fig2){ref-type="fig"} shows the spectrally averaged coherence and RIN for two different input polarizations, one along the slow-axis (Fig. [2a,b](#Fig2){ref-type="fig"}), and the other at a 20 degrees angle with respect to the slow-axis of the fiber (Fig. [2c,d](#Fig2){ref-type="fig"}).Figure 2Two polarizations (vector model): Spectrally averaged coherence and RIN. Average coherence and RIN calculated with input polarization along the slow-axis (**a,b**) and with a 20 degrees angle with respect to the slow-axis (**c,d**) versus pulse length along 1 m of fiber. The peak power is 44 kW as in Fig. [1](#Fig1){ref-type="fig"}. $\documentclass[12pt]{minimal}
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                \begin{document}$${L}_{C}^{PMI}$$\end{document}$(green line) indicates the maximum propagation distance for which the average coherence is higher than 0.9.

In contrast to the scalar model, the vector simulations show that degradation of the phase and intensity stability starts already for much shorter pump pulses and much shorter fiber lengths. The PMI influenced coherence length, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${L}_{C}^{PMI}$$\end{document}$, shown in Fig. [2a and c](#Fig2){ref-type="fig"}, indicates the edge of the region where the coherence of the SC is maintained, which we define as when the coherence is higher than 0.9. In the limit of long pulse lengths, it goes towards the analytical PMI length, which for slow-axis pumping is given by $\documentclass[12pt]{minimal}
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Figure [2](#Fig2){ref-type="fig"} shows that the good noise properties, up to 1 ps after 1 m of propagation predicted by the scalar model in Fig. [1](#Fig1){ref-type="fig"}, are lost already at about 120 fs with the vector model for both slow-axis and 20 degrees pumping. The results further show that coherent SC with longer pulse lengths than 150 fs can only be achieved with very short fiber lengths, shorter than about 5 cm, again for both pump configurations. Let us consider the dependence of the input polarization on PMI in our case: Since we are pumping in the normal dispersion regime there is a critical power for PMI when pumping along the fast-axis^[@CR18]^, which is $\documentclass[12pt]{minimal}
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                \begin{document}$${P}_{cr}^{fast}=3\pi \,{\rm{\Delta }}n/{\lambda }_{p}\gamma =3.2\,\,{\rm{kW}}{\rm{.}}$$\end{document}$ So when pumping with a peak power of 44 kW and increasing the angle relative to the slow-axis, the power in the slow-axis is reduced, resulting in a reduced PMI gain, and the power in the fast-axis is increased, achieving the threshold at an angle of 15.6 degrees. Thus, for 20 degrees pumping there is PMI from the fast-axis in addition to the PMI from the slow-axis with reduced gain. This fact means that we see only a minor difference in the coherence and RIN between the two configurations seen in Fig. [2a--d](#Fig2){ref-type="fig"}, respectively.

In Fig. [3](#Fig3){ref-type="fig"} we consider in more detail the 4 cases marked in Fig. [2a](#Fig2){ref-type="fig"} with blue dots for slow-axis pumping, to see the spectral distribution of the power in the two polarizations. Pumping with the shortest pulses, 50 fs and 100 fs, almost no transfer of energy between the polarizations occurs (the x-polarization power is identical to the total power), resulting in good coherence over 1 m. However, more energy is transferred between polarizations already at 120 fs and coherence degradation takes place. Furthermore, while not shown here, we observe that power transfer between the polarization states saturates for long enough propagation distances. This behavior agrees well with previous experiments carried out with the same ANDi fiber^[@CR34]^, where the power in the slow- and fast-polarization was measured for pumping along the slow-axis.Figure 3Simulated SC for both polarizations. Mean total spectrum (red), mean x-polarization (black), mean y-polarization (blue). The spectral fluctuations are shown in grey for the x and y-polarization. (**a**) 50 fs, (**b**) 100 fs, and (**c**) 120 fs pump pulse at 1 m and (**d**) 400 fs at 25 mm, corresponding to the blue dots in Fig. [2](#Fig2){ref-type="fig"}. The fractional power in the x-polarized field at 1 m is given by P~x~.

From Fig. [3](#Fig3){ref-type="fig"}, we can identify PMI as the mechanism that leads to coherence degradation. The interaction between the polarizations due to PMI results not only in transfer of power but also noise between them, which seems to be the main effect responsible for coherence degradation. For 100 fs, amplification of the noise floor through PMI in the y-polarization takes place, similarly to how scalar MI amplifies noise in anomalous dispersion pumped SC^[@CR1],[@CR37]^. This results in a very noisy but low power SC in that polarization (Fig. [3b](#Fig3){ref-type="fig"}). However, as most of the power is still in the x-polarization, whose noise properties remain good, the total relative noise is low. Once the PMI gain is sufficiently high to lead to stronger interaction between polarizations, such as for the 120 fs case, the power in the noisy y-polarization is higher and contributes more to the total relative noise. This together with the transfer of noise to the x-polarization will result in a noisier total SC, as shown in Fig. [3c](#Fig3){ref-type="fig"}. Therefore, stronger interaction between the polarizations leads to a noisier total SC.

To confirm the presence of PMI we plot in Fig. [3d](#Fig3){ref-type="fig"} (red curve) the theoretical gain profile, which shows the well-known two sidebands around the pump for slow-axis pumping, with a maximum gain and wavelength detuning being determined only by the input power when the fiber parameters are fixed (dispersion, nonlinearity and birefringence)^[@CR18],[@CR31]--[@CR33]^. The simulation in Fig. [3d](#Fig3){ref-type="fig"} for a 400 fs pump pulse shows agreement with the sidebands calculated theoretically. Higher order dispersion terms and Raman are not included in the simple analytical small-signal gain PMI model^[@CR18]^, resulting in the observed deviation between simulation and theory. As we shall see in the experimental section, the characteristic PMI sidebands are also observed experimentally.

In order to gain more insight into the polarization noise and with the aim of comparing the modelling to the experiments, simulations with different input powers were performed for a fixed fiber length of 0.5 m. We also need to consider the effect of a chirp on the input pulse, because our 80 MHz pump laser emits chirped pulses with a FWHM bandwidth of the intensity profile of $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}{\lambda }_{FWHM}^{TL}$$\end{document}$ is the transform limited FWHM bandwidth of the intensity profile. Calculations are done with both chirped and un-chirped input pulses.

Figure [4](#Fig4){ref-type="fig"} shows the evolution of the spectrum and the spectral profiles of the RIN and coherence as a function of the input power for a 170 fs pump with input polarization at 20 degrees. As expected, at a low input power of 23 kW (Fig. [4a](#Fig4){ref-type="fig"}), a SC with low RIN ($\documentclass[12pt]{minimal}
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                \begin{document}$$\langle |{{g}}_{12}^{(1)}|\rangle =0.997$$\end{document}$) across the whole profile is generated. This is because the PMI gain is not sufficiently high to amplify noise from the other polarization within the chosen fiber length. Increasing the input power (Fig. [4b,c,d](#Fig4){ref-type="fig"}) to achieve a broader spectrum the PMI gain is increased, resulting in lower coherence and higher RIN. Already at 23 kW a weak and narrow noise band appears below the pump wavelength (Fig. [4a](#Fig4){ref-type="fig"}). At higher pump powers the strength and bandwidth of the noise increases (Fig. [4b,c](#Fig4){ref-type="fig"}) and at 44 kW coherence is lost across the whole bandwidth of the spectrum, except for in a very narrow region around the edges (Fig. [4d](#Fig4){ref-type="fig"}).Figure 4Dependence of RIN and coherence on input peak power for 170 fs pumping. Calculated mean SC spectra (red), RIN (blue) and $\documentclass[12pt]{minimal}
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                \begin{document}$$|{{g}}_{12}^{(1)}|$$\end{document}$ (black) vs wavelength pumping with 170 fs and 20 degrees respect to slow-axis at 0.5 m using input peak powers (and corresponding output average powers in the experiments) (**a**) 23 kW (0.36 W), (**b**) 29 kW (0.45 W), (**c**) 34 kW (0.53 W) and (**d**) 44 kW (0.67 W). Results for chirped (un-chirped) pump pulses are shown as full (lighter dashed) curves.

The results for an un-chirped input pulse are shown as lighter dashed lines and they show the same general behavior, but interestingly demonstrate that the coherence and RIN performance is improved when pumping with a chirped pulse, while the spectrum remains unchanged. The average RIN and coherence for 29 kW is for example, $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle |{{g}}_{12}^{(1)}|\rangle =0.779$$\end{document}$ for the un-chirped pump, and improved to 7.6% and 0.941 for a chirped pump, respectively (Fig. [4b](#Fig4){ref-type="fig"}).

Supercontinuum and relative intensity noise measurements {#Sec4}
--------------------------------------------------------

The numerical study presented above shows that the coherence is degraded and noise increases when increasing the input power for a given fiber length due to the presence of PMI. These results are confirmed in this section, where the noise of a femtosecond pumped ANDi SC is experimentally measured for two pump pulse length configurations, 170 fs (Fig. [5](#Fig5){ref-type="fig"}) and 235 fs (Fig. [6](#Fig6){ref-type="fig"}). The details of the experimental setup and the method used to measure the RIN as a function of wavelength are given in the Methods section.Figure 5Measured supercontinuum and RIN vs power for a 170 fs pump and 0.5 m long ANDi fiber. SC spectra (**a**) and corresponding RIN spectra (**b**) for different output average powers. The dotted horizontal line in (**b**) is the noise of the pump laser, 0.71%, and the numbers indicate the power level in dBm/nm. Histograms of the pulse energy and corresponding Gamma (full red) and Gaussian (dotted light red) fit of the 1064 nm pump (**c**) and a 10 nm band of the SC at 1100 nm (grey bar) for output average powers of (**d**) 0.19 W, (**e**) 0.53 W and (**f**) 0.67 W.Figure 6Measured supercontinuum and RIN vs power for a 235 fs pump and 0.5 m long ANDi fiber. SC spectra (**a**) and corresponding RIN spectra (**b**) for different output average powers (numbers in (**b**) indicate the power level in dBm/nm). The dotted horizontal line in (**b**) is the noise of the pump laser, 0.67%, and the numbers indicate the corresponding power levels in dBm/nm. (**c**) SC spectrum with 0.4 W output power for a 540 fs pump pulse (black) and corresponding theoretical PMI gain for slow-axis (red) and fast-axis (green) pumping.

Figures [5a](#Fig5){ref-type="fig"} and [6a](#Fig6){ref-type="fig"} show the SC generated with 170 fs and 235 fs, respectively, for different power levels ranging from 0.19 W to 0.67 W using 0.5 m of the ANDi fiber. For the SC generated at each power level, the corresponding RIN, shown in Figs [5b](#Fig5){ref-type="fig"} and [6b](#Fig6){ref-type="fig"}, is measured every 50 nm with 10 nm bandwidth filters across the SC spectrum. Let us focus on the general trends:

As expected from the numerical modelling, the SC generated at the lowest pump powers has the lowest noise, for both pump pulse configurations, which is at the same level as the 0.71% RIN of the pump laser (black dotted line), indicating that there is negligible noise added by the nonlinear SC processes. Increasing the pump power is seen to generate a broader SC and lead to an increase of RIN as also found numerically. In terms of the spectral RIN profile, the noise is seen to start at wavelengths below the pump for both pump pulse lengths, again as found numerically in Fig. [4](#Fig4){ref-type="fig"}. For example, pumping with 170 fs low RIN of less than 10% can be obtained for wavelengths above the pump for output powers up to around 0.45 W, but the RIN is already high at shorter wavelengths below the pump for an output power of 0.26 W.

Another common feature for both pulse lengths is that at higher pump powers the RIN around the pump wavelength drops to very low values, which was not found in the simulations in Fig. [4](#Fig4){ref-type="fig"}. This could be explained by pump light propagating in the cladding, which has been demonstrated to lower the noise around that wavelength^[@CR30]^.

Examples of the filtered pulse energy histograms from which the RIN value is calculated is shown for the un-filtered 1064 nm pump in Fig. [5c](#Fig5){ref-type="fig"} and for a 10 nm band around 1100 nm for three different power levels in Fig. [5d--f](#Fig5){ref-type="fig"}. The fitted gamma distributions, from which the RIN in Fig. [5b](#Fig5){ref-type="fig"} was calculated (see the Methods section) are shown as solid red curves, whereas a fitted Gaussian is shown as a red dotted curve. The histograms show a gradual increase of the FWHM of the Gamma distribution (of the noise) and a transition from a Gaussian distribution for low powers (0.19 W) to a more skewed distribution for higher powers (0.67 W). To the best of our knowledge this observation is new and in fact non-trivial, because it says that the noise statistics of a fs ANDi SC follow the same trends as those presented for MI driven SC pumped in the anomalous dispersion regime reported before^[@CR37],[@CR38]^, further indicating a connection between MI and PMI, even if the soliton dynamics is absent in ANDi SC generation.

To demonstrate experimentally that the ANDi SC is initiated by PMI we increase the pulse length to 540 fs and decrease the power to give an output average power of 0.4 W, corresponding to 8.5 kW input peak power if one neglects loss. The spectrum shown in Fig. [6c](#Fig6){ref-type="fig"} clearly reveals the separated PMI gain bands obtained for pumping along the slow-axis, coinciding with the analytically predicted PMI gain bands (red curve). The presence of the single central gain band obtained when pumping along the fast axis (green curve) cannot be determined and thus we cannot say whether we are pumping along an optical axis. Most probably we are not and both types of PMI gain bands are present. In any case the experiments verify the presence of PMI in the ANDi SC generation.

Noise comparison between simulations and measurements {#Sec5}
-----------------------------------------------------

We performed an ensemble of 20 simulations using the experimental conditions, with certain approximations: a hyperbolic sech pulse was assumed as input pulse, and positive chirp was added according to the measured bandwidth. The fiber dispersion and nonlinearity used in the simulation were calculated with COMSOL and might thus differ slightly from the actual fiber dispersion and nonlinearity. The loss was included in the simulations (see the Methods section) although its influence is negligible since the fiber length was only 0.5 m. Coupled-in power was estimated based on measured output power, taking into account the fiber output facet transmission, but neglecting loss in the fiber.

Figure [7](#Fig7){ref-type="fig"} shows the measured and calculated spectral RIN profiles for the two different pump pulse lengths used in the experiment, for 3 different average output power levels. The calculated RIN was filtered every 50 nm over 10 nm bandwidth to match simulations to the experiments, since noise is bandwidth dependent^[@CR39]^. Because of filtering (averaging) over 10 nm, the noise is lower than the one calculated in Fig. [4](#Fig4){ref-type="fig"}, where the RIN was not wavelength filtered.Figure 7Comparison between measured and calculated RIN. Measured (circle + solid line) and calculated (star + dashed line) RIN vs wavelength for (**a**--**c**) 170 fs and (**d**--**f**) 235 fs pump pulses for three output average power levels. Insets in (**c**) and (**f**) show a close-up for better comparison of the measured and calculated RIN.

The general behavior of the measured RIN is reproduced by the simulations for both pump pulse lengths, showing the same general power and wavelength dependence as also discussed in connection with Figs [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"} above, i.e., that the noise increases with power (for instance, Fig. [7a,b,c](#Fig7){ref-type="fig"}) and starts at wavelengths below the pump (Fig. [7b,e](#Fig7){ref-type="fig"}). Taking into account the uncertainty in the pump power level and pump profile, the quantitative level is quite well reproduced, except at the pump at high power and in some cases close to the edges. The edge points are highly influenced by the fact that there is very little power (generally below −50 dBm/nm as seen in Figs [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}) and should probably not be considered. The RIN close to the pump in Fig. [7a,b](#Fig7){ref-type="fig"} could be highly influenced by pump light in the cladding as discussed above^[@CR30]^.

One observation is that the calculated RIN is usually lower than in the experiments. For the 170 fs case with the lowest power (0.19 W), the RIN is almost zero in the simulations in contrast to the experiment as shown in Fig. [7c](#Fig7){ref-type="fig"}. This can be explained by the intensity fluctuations of the pump laser (0.71%), which sets the lower limit for the experiment. While not shown here, simulations performed with 1% variation in the pump intensity reproduce very well this lower limit behavior.

Conclusion {#Sec6}
==========

Design of broadband low-noise SC sources using ANDI fibers requires a good understanding of the phenomena involved in the process in order to avoid any possible noise sources. The coherence is usually calculated with the GNLSE following a scalar approach, which ignores polarization effects, such as PMI. With the use of the vector GNLSE, the two polarizations of the fundamental mode are included and thus the noise arising from PMI and other polarization processes can be studied in order to optimize the noise performance of the SC source.

We have investigated numerically the coherence and noise of SC in a standard ANDi fiber with the CGNLSE, explaining the mechanism of polarization noise in this weakly birefringent fiber pumped with femtosecond pulses. Vector propagation simulations unveil PMI driven noise in ANDi SC, which is hidden when doing scalar simulations. Polarization modulational instability redistributes the power between the two polarizations leading to intensity and phase fluctuations. The polarization noise depends not only on the pump parameters, such as pulse length, power and polarization orientation, but also on the fiber length. Comparing to the single-polarization case, the fiber length at which the ANDi SC is fully coherent (coherence length *L*~*C*~ defined by Heidt *et al*.^[@CR15]^) is drastically reduced to the PMI influenced coherence length $\documentclass[12pt]{minimal}
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                \begin{document}$${L}_{C}^{PMI}$$\end{document}$, and thus fully coherent SC can in a 1 m ANDi fiber for example only be achieved with pulses shorter than around 120 fs, in contrast to the 1 ps obtained with the scalar model.

The optimum conditions for designing a low-noise ANDi SC source are thus not trivial and depend strongly on both the nonlinear fiber properties and the pump configuration, in particular also on their polarization properties. From the results presented here, we can conclude that there are several regions of operation for a given fiber type and pump. According to the obtained numerical results, broadband fully coherent ANDi SC can be easily achieved in general with short fiber lengths and short femtosecond pump pulses. The crossing point of *L*~*WB*~ and $\documentclass[12pt]{minimal}
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                \begin{document}$${L}_{C}^{PMI}$$\end{document}$ in Fig. [2](#Fig2){ref-type="fig"} sets the maximum pump pulse length to about 180 fs for low noise SC operation in which optical wave breaking is fully used to generate the broadest possible spectrum. Above 180 fs PMI will generate noise before the broadest ANDi SC is achieved. Shorter pump pulses than 180 fs can be used to pump longer fibers without coherence degradation, for instance, pumping with 50 fs the decoherence will start after more than 1 m. In this case, the upper limit for the fiber length is set by the point at which the SRS starts to generate noise. Another option to achieve broadband coherent ANDi SC would be to use PM-ANDi fibers as previously proposed^[@CR35],[@CR36]^, but PMI-induced noise will be suppressed only when pumping along one of the principal axes of the fiber^[@CR18]^. Therefore, a good control of the input polarization for coherent ANDi SC with PM fibers would be required.

The numerical results obtained with the CGNLSE were confirmed experimentally by pumping a 0.5 m long commercially available ANDi fiber with a femtosecond laser. The results of the measured RIN of the ANDi SC for two pump pulse lengths verified the power and wavelength dependence of the SC noise. Polarization modulation instability gain sidebands were also observed using 540 fs pump pulses, verifying that PMI is the decoherence mechanism involved in the SC generation in the weakly birefringent ANDi fiber under study.

Methods {#Sec7}
=======

Numerical model {#Sec8}
---------------

In our study we use the well-known CGNLSEs, written in terms of circular polarization components, in which the two orthogonal polarizations of the fundamental mode are included^[@CR18],[@CR40]--[@CR42]^$$\documentclass[12pt]{minimal}
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                \begin{document}$${{\rm{C}}}_{1,2}(t,z)$$\end{document}$ are the pseudo-field envelopes of the two circular polarization components in the time domain, and their Fourier transforms are given by$$\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{A}}_{1,2}({\rm{\Omega }},z)$$\end{document}$ are the field envelopes in the frequency domain of the two circular polarization components, Ω = ω − *ω*~0~, and $\documentclass[12pt]{minimal}
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                \begin{document}$${A}_{eff}(\omega )$$\end{document}$ is the effective area. The transformation to the pseudo-field envelopes in equation ([5](#Equ5){ref-type=""}) is done to include mode profile dispersion^[@CR43]^. In this way the photon number is conserved when the loss is set to zero. In this version of CGNLSEs the nonlinear parameter is modified and given by$$\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{2}=2.66\times {10}^{-20}{m}^{2}/W$$\end{document}$ is the value of the nonlinear refractive index of silica, and $\documentclass[12pt]{minimal}
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                \begin{document}$${n}_{eff}(\omega )$$\end{document}$ is the effective refractive index of the fundamental mode calculated with COMSOL Multiphysics. Equations ([3](#Equ3){ref-type=""}) and ([4](#Equ4){ref-type=""}) include the full dispersion, where *ω*~0~ is the central frequency of the numerical frequency domain and *ω*~*p*~ is the pump frequency. The total loss $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha (\omega )={\alpha }_{m}(\omega )+\,{\alpha }_{c}(\omega )$$\end{document}$ is also included as the contribution of the material loss, $\documentclass[12pt]{minimal}
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                \begin{document}$${\alpha }_{m}(\omega )$$\end{document}$, of silica^[@CR44]^ and the confinement loss, $\documentclass[12pt]{minimal}
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                \begin{document}$${\alpha }_{c}(\omega )$$\end{document}$, which is calculated from the imaginary part of the effective refractive index obtained with COMSOL Multiphysics. Finally, the measured Raman response function of a silica fiber in the frequency domain is included as $\documentclass[12pt]{minimal}
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                \begin{document}$${f}_{R}=0.18$$\end{document}$ is the fraction of the Raman contribution to the nonlinear polarization.

For the case under study, in which a weakly birefringent fiber is considered, the nonlinear parameter and dispersion is assumed to be the same for the two polarizations^[@CR18],[@CR34],[@CR41],[@CR42]^. The birefringence of the fiber is added through the phase mismatch between the two polarization modes given by $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}n=1.3\times {10}^{-5}$$\end{document}$ was measured in^[@CR34]^ and specified by the supplier, NKT Photonics. Note that the group velocity mismatch between the axes $\documentclass[12pt]{minimal}
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                \begin{document}$$({\rm{\Delta }}{\beta }_{1}=0)$$\end{document}$ can be ignored in the CGNLSEs for relatively low-birefringent fibers^[@CR18],[@CR34],[@CR41],[@CR42]^, and it was neglected in our model.

The input conditions to equations ([3](#Equ3){ref-type=""}) and ([4](#Equ4){ref-type=""}) are circularly field envelopes in the time domain given by $\documentclass[12pt]{minimal}
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                \begin{document}$${U}_{z=0}\exp (\pm i\theta )/\sqrt{2}$$\end{document}$, where the input field envelope is a chirped sech pulse $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta $$\end{document}$ is the angle respect to the x-axis, *C* is the chirp parameter, and $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{FWHM}$$\end{document}$ is the full width at half-maximum pulse length. The pump wavelength of the input pulse is 1064 nm. Finally, the circularly polarized components of the field envelope in the frequency domain are related to the linear components as $\documentclass[12pt]{minimal}
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                \begin{document}$${\tilde{A}}_{x,y}({\rm{\Omega }},z)=[{\tilde{A}}_{1}({\rm{\Omega }},z)\,\pm \,{\tilde{A}}_{2}({\rm{\Omega }},z)]\exp (\,\mp \,i{\rm{\Delta }}{\beta }_{0}/2)/\sqrt{2}$$\end{document}$. Equations ([3](#Equ3){ref-type=""}) and ([4](#Equ4){ref-type=""}) were implemented in Matlab and solved in the frequency domain in the interaction picture method by using a Runge-Kutta (RK4 (3)) scheme for integration of the nonlinear operator^[@CR45]^. The step size is fixed to 25 µm and the number of points used in the simulation is $\documentclass[12pt]{minimal}
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Simulation parameters were taken from a commercially available ANDi fiber NL-1050-NEG-1^[@CR46]^ for comparison with the experiments. The cross section of the fiber used is displayed in Fig. [8a](#Fig8){ref-type="fig"}. Fiber parameters such as group velocity dispersion, confinement loss and effective area were calculated with COMSOL Multiphysics and are shown in Fig. [8a,b](#Fig8){ref-type="fig"}. The frequency dependence of the nonlinear parameter was calculated with equation ([6](#Equ6){ref-type=""}).Figure 8Fiber properties used in the simulations. (**a**) Dispersion profile (black) and total loss (red), including material and confinement loss. (**b**) Effective area (black) and nonlinear parameter (red) for the ANDi fiber NL-1050-NEG-1 ($\documentclass[12pt]{minimal}
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                \begin{document}$$d/{\rm{\Lambda }}=0.39$$\end{document}$). A cross section of the ANDi fiber is shown in the inset in (**a**).

Coherence and noise are calculated for all pairs of an ensemble of 20 independent simulations with the same input parameters but different initial quantum noise. Quantum noise is added in both polarizations as one-photon-per-mode, in which a photon with random phase is added to each frequency bin^[@CR1],[@CR3],[@CR47]^. The noise is in the frequency domain given by $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Phi }}({{\rm{\Omega }}}_{m})$$\end{document}$ is the random phase corresponding to a white noise uniformly distributed in the interval \[0, 1\] in each frequency bin Ω~*m*~. The noise is transformed back to the time domain and added to $\documentclass[12pt]{minimal}
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                \begin{document}$${A}_{1,2}(T,0).$$\end{document}$ Different noise seeds are used for each polarization^[@CR42],[@CR48]^, and we are assuming no correlation between them. The coherence of the SC ensemble is quantified with the first-order spectral coherence function defined by^[@CR1],[@CR37]^$$\documentclass[12pt]{minimal}
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                \begin{document}$$N=20$$\end{document}$ realizations. The first-order spectral coherence function returns a value between 0 (low coherence) and 1 (high coherence) for each frequency. The spectrally averaged coherence is also calculated as^[@CR1]^$$\documentclass[12pt]{minimal}
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                \begin{document}$$0\le \langle |{{g}}_{12}^{(1)}|\rangle \le 1$$\end{document}$ for an ensemble of SC. Furthermore, the noise is calculated with the RIN defined as the ratio of the mean to the standard deviation^[@CR49]^,$$\documentclass[12pt]{minimal}
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In the same way as with the first-order coherence, the RIN can also be spectrally averaged to yield a single number for a SC ensemble,$$\documentclass[12pt]{minimal}
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Experimental setup {#Sec9}
------------------

The experimental setup is shown in Fig. [9a](#Fig9){ref-type="fig"}. A collimated beam from a mode-locked laser with center wavelength at 1064 nm and 80 MHz repetition rate was focused into 0.5 m of ANDi fiber with an aspheric lens. The laser pump is a passively mode-locked laser borrowed from Fianium (FP-1060--5-fs), in which picosecond pulses emitted from the laser are compressed in an external stage with bulk compression. The laser emits a collimated and linearly polarized beam and its output was characterized as shown in Fig. [9b,c](#Fig9){ref-type="fig"}. First, the pulse length was measured with an intensity autocorrelator (Femtochrome FR-103HP) and an oscilloscope for two different configurations of the laser (Fig. [9b](#Fig9){ref-type="fig"}). The FWHM of the laser was found to be 170 fs and 235 fs, assuming a hyperbolic secant squared shape power profile. Furthermore, the spectra for these two configurations (Fig. [9c](#Fig9){ref-type="fig"}) were also measured with an optical spectrum analyzer (ANDO AQ6317B) in order to estimate the linear chirp in the simulations. The measured FWHM bandwidth was 16.6 nm and 15.5 nm for 170 fs and 235 fs, respectively. Nonlinear chirp due to self-phase modulation in the output spectra was also observed because of the amplification stage in the laser.Figure 9Experimental setup. (**a**) Schematic of the experimental setup for supercontinuum generation and noise measurements; BPF -- Bandpass filter. (**b**) Intensity autocorrelation measurement (FWHM) and (**c**) spectrum of the pump laser for two different settings.

The SC generated after 0.5 m of ANDi fiber was collimated and measured with the optical spectrum analyzer (OSA) used before. An integrating sphere (\~20 dB wavelength independent loss) was used to reduce the power going to the OSA, to avoid damaging the instrument as well as to collect all divergent light. Each spectrum is an average over thousands of pulses due to the slow response of the detector in the OSA. The input power to the ANDi fiber was controlled with neutral density filters from Thorlabs, in order to measure the power dependence of the generated SC and power dependence of the RIN. In these measurements, the input polarization was not adjusted to the slow-axis as in previous studies^[@CR34]--[@CR36]^ where they tried to minimize the noise. The noise investigation is here carried out aiming at a practical source where low birefringence fibers are spliced on directly to the pump laser and no extra components are used to match the input polarization to the slow-axis.

To measure the wavelength dependence of the RIN^[@CR37],[@CR39]^, the SC is filtered every 50 nm with bandpass filters of 10 nm bandwidth from Thorlabs. After this, the filtered SC is then detected with two fiber-coupled photodiodes, an InGaAs for longer wavelengths 950--1350 nm (Thorlabs - DET08CFC - 800 to 1700 nm, 5 GHz BW), and a Si for shorter wavelengths 750--900 nm (Thorlabs - DET025AFC - 400 to 1100 nm, 2 GHz BW). Then, the voltage time series are recorded with a fast oscilloscope (Teledyne LeCroy - HDO9404--10 bits resolution, 40 Gs/s, and 4 GHz BW). Around \~16000 pulses are recorded for each 10 nm filtered SC. The power incident on the detector was purposely maintained low to operate in the linear regime, far from saturation. The described technique has been already used to measure the noise in SC sources^[@CR50]^. To calculate the RIN, we extract the maximum of the pulses from the voltage time series recorded for each 10 nm filtered SC and subtract the noise floor. The histograms obtained for the extracted \~16000 peak values are fitted to a gamma distribution, and the RIN is calculated as the ratio of the standard deviation to the mean of the distribution. Besides the SC noise, the noise of the pump laser was also characterized by measuring the pulse to pulse fluctuations with the photodiode without filter. No filter was used since the width of the pump pulse is close that of the filters. The value obtained was 0.71% (170 fs) and 0.67% (235 fs).

Data availability {#Sec10}
-----------------

The datasets generated during and/or analyzed during the current study are available from the corresponding author on reasonable request.

**Publisher\'s note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

The authors acknowledge financial support from Innovationsfonden (SHAPEOCT---4107-00011B); GALAHAD Horizon 2020 Framework Programme (H2020) (732613) and Det Frie Forskningsråd (DFF) (LOISE---4184-00532B).

I.B.G. performed the supercontinuum and noise experiments, analyzed and presented the data, and wrote the manuscript. R.D.E. provided the code for the experimental noise data analysis and helped with the interpretation of the numerical and experimental part, as well as thoroughly reviewing the paper. M.P.S. reviewed the paper. O.B. initiated the project, supervised the work and reviewed the paper.

Competing Interests {#FPar1}
===================

The authors declare no competing interests.
